Genetic variation in defensin, a gene encoding a major effector molecule of insects immune response was analyzed within and between populations of three members of the Anopheles gambiae complex. The species selected included the two anthropophilic species, An. gambiae and An. arabiensis and the most zoophilic species of the complex, An. quadriannulatus. The first species was represented by four populations spanning its extreme genetic and geographical ranges, whereas each of the other two species was represented by a single population. We found (i) reduced overall polymorphism in the mature peptide region and in the total coding region, together with specific reductions in rare and moderately frequent mutations (sites) in the coding region compared with non-coding regions, (ii) markedly reduced rate of non-synonymous diversity compared with synonymous variation in the mature peptide and virtually identical mature peptide across the three species, and (iii) increased divergence between species in the mature peptide together with reduced differentiation between populations of An. gambiae in the same DNA region. These patterns suggest a strong purifying selection on the mature peptide and probably the whole coding region. Because An. quadriannulatus is not exposed to human pathogens, identical mature peptide and similar pattern of polymorphism across species implies that human pathogens played no role as selective agents on this peptide. #
Introduction
The completion of the sequencing of the genome of Anopheles gambiae (Holt et al., 2002) , together with the successful germ line transformation of this mosquito (Grossman et al., 2001) , and the identification of key molecules and genes affecting susceptibility of mosquitoes to Plasmodium under laboratory conditions Blandin et al., 2004; Osta et al., 2004a,b) provide strong support for malaria control via the introduction and spread of refractory genes into vector populations (Collins et al., 2000) . Immune-response molecules are particularly promising as determinants of vector susceptibility and have been the focus of a number of recent studies Dimopoulos, 2003; Osta et al., 2004a,b; Meister et al., 2005) . Some evidence suggests that Anopheles susceptibility to Plasmodium depends on the specific genotype of the vector and the parasite (Tahar et al., 2002; Lambrechts et al., 2005) . Such finely tuned host-pathogen relationships are expected to mark their signature on the molecular make-up of the genes involved. However, molecular evolution of genes encoding immune response molecules of arthropod diseases vectors has received little attention, despite providing unique and valuable insights into the susceptibility to pathogens in other host species (Schlenke and Begun, 2003 Defensin, a member of the cysteine-rich immune peptides, is a primary effector molecule produced by mosquitoes in response to infection with various pathogens . Defensin is synthesized mainly in the fat body of both larvae and adults and secreted into the haemolymph. It is expressed constitutively at low rates in adults and larvae, but following an infection challenge expression increases dramatically (Richman et al., 1997; Dimopoulos et al., 1998; Eggleston et al., 2000) . Sporozoites of Plasmodium gallinaceum (and oocysts to a lower extent) are killed by defensin, but the relevance of this in vitro study to natural defense needs to be determined (Shahabuddin et al., 1998) . Silencing of defensin in An. gambiae demonstrated that it is required for antimicrobial defense against Gram-positive bacteria . Defensin is encoded by a single copy gene located at division 41 on the third chromosome of An. gambiae (Vizioli et al., 2001) . It is comprised of two exons separated by a short intron. The 102 amino acids (aa) pre-pro-defensin includes a 25 aa signal peptide and a 77 aa segment that is cleaved to produce a 40 aa mature defensin. The signal and pro-peptide sequences of An. gambiae share little similarity with those from other insects, but the mature peptide is conserved and all insect defensins contain six cysteine residues. The promoter region is rich with sequence motifs similar to transcription regulatory elements of insect and mammalian immune response genes. These include binding sites for nuclear factor kappa B, GATA factors, nuclear factor interleukin 6 and interferon consensus elements among others (Eggleston et al., 2000) . Induction of defensin transcription can be mediated by Gambif1 (BarillasMury et al., 1996) , a member of the Rel protein group that mediates transcription regulation of immune response of Drosophila and other insects.
We chose populations from the highly anthropophilic species, An. gambiae, the moderately anthropophilic species, An. arabiensis, and the highly zoophilic species, An. quadriannulatus, representing high, moderate and no exposure to human pathogens, respectively (Hadis et al., 1997; Lemasson et al., 1997; Mouchet et al., 2004) . The populations of An. gambiae and An. arabiensis are major vectors of Plasmodium falciparum with typical salivary glands infection rates of 3-9% (Hay et al., 2000; Mouchet et al., 2004 and references therein), but only the An. gambiae populations from Nigeria and eastern Kenya also transmit Wucheraria bancrofti, the causative agent of lymphatic filariasis (LF). The four An. gambiae populations include members of the M (Senegal) and S (West and East Kenya and Nigeria) molecular forms and span the maximal genetic distance measured among An. gambiae populations across the continent (Lehmann et al., 2003) . Our study thus may help identify the potential and the limitation of such an approach for understanding the evolutionary forces that determine susceptibility to pathogens.
Materials and methods

Samples and collection methods
Mosquitoes were collected between 1994 and 1999 from Asembo Bay (1994, hereafter referred to as western Kenya), Jego (1996, hereafter referred to as eastern Kenya), Gwamlar in central Nigeria (1999), and Barkedji in Senegal (1995) . Aliquots of An. quadriannulatus DNA were kindly provided by F.H. Collins, from specimens collected in 1986 in a rural area of southern Zimbabwe (see Collins et al., 1988 for more details). Indoor-resting adult mosquitoes (mostly females) were collected by pyrethrum-spray or aspiration in eastern Kenya and Nigeria. In Senegal, blood-seeking mosquitoes were collected by human-baited night catches. In western Kenya, blood fed and blood seeking females were collected at dawn by aspiration from net traps hung over the beds of sleeping volunteers. At each site, mosquitoes were collected within 1 week from houses less than 5 km apart. Further details on sampling methods and sites of collection are given by Lehmann et al. (2003) .
Anophelines were identified as members of the An. gambiae complex using morphological keys (Gillies and De Meillon, 1968; Gillies and Coetzee, 1987) . Species identification was carried out using PCR (Scott et al., 1993) . The PCR-RFLP assay (Favia et al., 1997 ) was used to determine An. gambiae molecular form. An. gambiae specimens from Kenya and Nigeria were all of the S form, while those from Senegal were of the M form. All An. arabiensis specimens included in this study were collected in Asembo Bay (western Kenya).
DNA extraction and sequencing
Genomic DNA was extracted from whole mosquitoes as previously described (Lehmann et al., 1996 (Lehmann et al., , 2003 and suspended in 100 ml of TE. PCR reactions were carried out using 2 ml of template DNA (from an aliquot of wholemosquito extracts diluted 1:20 in distilled water) in 50 ml reaction containing 5 units Taq polymerase (Boehringer Mannheim or Gibco BRL) in manufacturer's buffer, 1.5 mM MgCl 2 , 200 mM each dNTP (PE Applied Biosystems) and 50 pmol each forward and reverse primers.
Primers were designed based on the complete An. gambiae defensin sequence (Eggleston et al., 2000 ; GenBank Accession number: AF063402). A 1.4 kb region (position 1524-2972 in the published sequence) encompassing the whole transcribed region of defensin as well as 5 0 and 3 0 non-transcribed flanking regions, was amplified with forward primer Df1524L (5 0 GCG GGG TGA ATG TTA TCT CT 3 0 ) and reverse primer Df2972R (5 0 ACA ATA AAA GGA ACG CAA GC 3 0 ). Cycling conditions for amplification included denaturation at 94 8C for 5 min, followed by 35 cycles at 94 8C for 30 s, 52 8C for 30 s and 72 8C for 1 min, with a final extension step at 72 8C for 5 min. PCR products were examined on a 1% agarose gel, and cloned using the pGem T-vector kit (Promega). Individual transformed colonies (white) were selected. The size of the DNA insert was screened by PCR using pUC/M13 forward and reverse primers. In most cases, a single appropriately sized insert was chosen at random, and sequenced in both directions after purification with the Wizard PCR Purification Kit (Promega). In addition to the previous forward and reverse primers, internal nested primers Df2217L (5 0 CGG TGC CAA TCT CAA TAC CCT TT 3 0 ) and Df2280R (5 0 GAC AAC GGG AAA AAG GGA TG 3 0 ) were used as sequencing primers. Cycle sequencing was performed using PE BigDye Terminator Ready Reaction Kit according to manufacturer's recommendations (PE Applied Biosystems). Sequencing reaction products were analyzed on an ABI 377 automated sequencer (PE Applied Biosystems). Sequences were checked for accuracy on both strands using Sequence Navigator (PE Applied Biosystems). Multiple alignment was performed with the Pileup program of GCG (Genetics Computer Group, 1999) using default options, and was adjusted by eye. DNA sequences have been deposited in GenBank under accession numbers DQ211988-DQ212056. To avoid sampling bias, a single allele (haplotype sequence) was arbitrarily selected from each specimen for the analysis.
PCR error
Because of multiple insertion/deletion (indels) in defensin, direct sequencing was not possible. Sequences were determined from 2 to 4 independent clones of the same allele, to identify errors resulting from mis-incorporation of nucleotides by Taq polymerase during the PCR amplification. We estimated PCR error rate to be 0.001 per bp in accordance with published records (Kwiatowski et al., 1991) . High variation between alleles, allowed distinguishing different alleles and different clones of the same allele. Although we used statistics that are less sensitive to the effect of PCR errors (e.g., nucleotide diversity instead of the number of segregating sites and theta, if derived based on the latter), the polymorphism reported here is biased upwards because of PCR errors. Nevertheless, our inference is unbiased because instead of relying on the absolute values of polymorphism, we compared polymorphism between different functional regions of the gene that have the same probability to include a PCR error once differences in sequence length were accommodated (below).
Data analysis
Nucleotide diversity (p) was estimated using DnaSp 4.0 (Rozas and Rozas, 1999) . A more complete summary of polymorphism was obtained by the site frequency spectra (Tajima, 1989; Braverman et al., 1995) , which describes the frequency of sites that are invariant ( f = 0), singleton ( f = 1), and polymorphic ( f = 2, 3, . . ., n/2), where f is the frequency of the rare nucleotide at this site/position and n is the number of sequences. These spectra distinguish between rare (e.g., singletons) and common mutations (sites where the rarest nucleotide was observed 4-7 times, which is the maximum possible frequency given 9-14 sequences per population). Most neutral mutations are lost or require a very long time to become common in a population and this time is expected to be shorter for positively selected mutations and longer for deleterious mutations. Hence, rare mutations represent a greater fraction of new and mildly deleterious mutations, whereas common ones represent a greater fraction of ancient and neutral mutations. Furthermore, the site frequency spectrum is especially suited to compare polymorphism in regions of the gene without bias due to PCR errors, because it accounts for sequence length variation. We compared and tested nucleotide diversity of synonymous and non-synonymous sites using bootstrapping in MEGA 3.0 (Kumar et al., 2004) .
Differentiation between populations was assessed by sequence-based F statistics analogous to Wright F statistics (Wright, 1978) , calculated according to Hudson et al. (1992) and tested for significance by permutation in DnaSp 4.0 (Rozas and Rozas, 1999) . Calculations not available in DnaSp and MEGA were carried out using programs written by TL in SAS (SAS Institute Inc., 1990).
Selection inference is primarily based on comparisons between different functional regions of the gene (defined below) to avoid confounding the effect of population demography and PCR errors that affect all regions of the gene equally. Similarly to a comparison of synonymous and nonsynonymous mutations, this approach is conservative because polymorphism in shorter DNA fragments is subject to higher sampling variation, reducing the power to detect differences between regions. Physical linkage between adjacent regions may further reduce the differences between them even if selection operated on only one region. The advantage of this approach, however, is that significant differences represent robust evidence for selection.
Results
Genetic diversity
Within-population polymorphism in the defensin gene region was moderate to high (Table 1) . The lowest polymorphism (in the whole gene) was observed in An. arabiensis (p = 0.015) and the highest in the western Kenyan population of An. gambiae (p = 0.028). Examination of intrapopulation variation using a sliding window revealed over 10-fold difference across various segments of the gene, and considerable albeit lesser differences between species and populations (Fig. 1) . In each collection, at least one site had three nucleotides segregating. Eight of 13 such sites were singletons that could have arisen as PCR errors. However, five of these were shared between populations or were observed at least twice within a collection, indicating that these were true triallelic SNPs. Although representing only 2-4% of the overall 305 segregating sites in the dataset, triallelic SNPs suggest some balanced and ancient polymorphism.
If selection has not shaped variation in defensin, a similar pattern of polymorphism is expected across its functional regions. These regions were defined a priori and included: (i) mature peptide (120 bp), (ii) signal peptide and the clipped propeptide (186 bp), (iii) total transcribed but non-coding regions including the intron (385 bp, excluding all gaps), and (iv) the flanking non-transcribed regions (600 bp, excluding all gaps and missing data). Nucleotide diversity in the coding region was lower than that of the non-coding region in all populations (Table 1, P < 0.016, binomial test). Comparing the site frequency spectra between different functional regions provided a more comprehensive test of that variation. Frequency spectra were grouped into 'rare alleles' (singletons), 'moderate alleles' (sites where the rare nucleotide was observed two or three times), and 'common alleles' (sites where the rare nucleotide was observed four or more times). Invariant sites were included to accommodate total length variation between regions. Within-population heterogeneity was detected in four out of six populations (Table 1 ). An overall within-population test was performed after finding no evidence for betweenpopulation heterogeneity (heterogeneity x 2 = 56.5, d.f. = 45, P > 0.1). Marked deviations from homogeneity were concentrated in the coding region, showing deficiency of rare and moderate alleles in both the mature peptide and the signal/propeptide segments, but no significant deficiency at the high frequency sites. Additionally, an excess of rare alleles N: number of sequences in the population and, in parentheses, sequence length after removing all gaps; p: total nucleotide diversity (silent and non-synonymous). a DNA functional regions including regions encoding the mature peptide (Mature), the signal peptide and the clipped pro-peptide (SigPro), the total transcribed but non-coding regions including the intron (TrNoCo), and the 3 0 and 5 0 non-transcribed regions (NoTran). See Fig. 1 for a sketch map of the total defensin gene region. b Frequency spectra classes including invariant positions ( f = 0), low polymorphism represented by singleton positions ( f = 1), moderately polymorphic positions with the rare nucleotide observed two or three times ( f = 2-3), and highly polymorphic positions with the rare nucleotide observed four or more times ( f = 4-7). The relative distribution of each class is expressed as percentages. Excess and deficit of observed vs. expected frequency is marked by '+' and 'À', respectively in cells with significant deviations based on 1 d.f. x 2 test (^, * , ** , *** , represent P < 0.1, 0.05, 0.01, and 0.001, respectively). c Within-population heterogeneity in the spectra was tested by exact tests using Monte Carlo simulations. d Heterogeneity x 2 test across species and populations failed to reject that null hypothesis (x 2 = 56.5, d.f. = 45, P > 0.1) before data were pooled.
(singletons) and common alleles was observed in the transcribed-non-coding region (Table 1) . The heterogeneity in magnitude and pattern of polymorphism across functional regions and the reduced polymorphism in the coding region demonstrate selection on defensin. The expected signature of balancing (diversifying) selection would be increased polymorphism in the coding region while that of directional selection would involve reduced frequency of common alleles in that region; neither pattern was observed. The results, however, are consistent with purifying selection eliminating rare mutations from the coding regions.
Synonymous versus non-synonymous substitutions
In the coding region, within-population nucleotide diversity at synonymous sites was four-fold higher than that of non-synonymous sites and this difference was significant in five collections based on the two-sided test of neutral evolution (Table 2) . This difference was most extreme in the mature peptide where no replacement mutations were observed in four populations and the overall difference in synonymous versus non-synonymous diversity (across populations) was 100-fold (Table 2 ). The short length and limited variation in this region resulted in low statistical power, but the overall test (across collections) was significant (Table 2) . At the protein level, except two singleton peptides, one single mature peptide was observed across the three species and six geographically distinct populations. Together with the high silent polymorphism across the gene and moderate synonymous diversity in the coding region, this extremely low diversity at the protein level in the mature peptide provides strong evidence that purifying selection is the main mode of selection operating on defensin.
Species divergence and population differentiation
Divergence between species was highly significant (P < 0.001) and Fst values exceeded 0.3 across all functional regions (Table 3 ). The mature peptide showed higher divergence between species than any other functional region (P < 0.05, Ryan-Einot-Gabriel-Welsh Multiple Range Test following significant 'Region' effect in ANOVA, not shown). Moreover, it was the only region showing no differentiation among An. gambiae populations, whilst the magnitude of differentiation across the other functional regions were similar to each other (Table 3 ) and to the average of nine microsatellite loci (Fst = 0.063, P < 0.001; Lehmann et al., 2003) . Heterogeneity in differentiation across functional regions is further evidence for selection. Increased inter-specific divergence and reduced differentiation among distant An. gambiae populations indicates strong purifying selection operating on the mature peptide in all species, hereby reducing within-species variation in this region and independently ''fixing'' few neutral mutations between species. This higher rate of fixation results in high fraction of between-species variation relatively to low fraction of within-species variation, yielding high Fst. 
Discussion
Within-and between-population variation in defensin provides clear evidence that selection has shaped polymorphism in this gene. Purifying selection on the mature peptide explains (i) the overall reduced polymorphism in the mature peptide and the total coding region and the specific reductions in rare and moderately frequent alleles compared with noncoding regions, (ii) the markedly reduced rate of nonsynonymous diversity compared with synonymous and the identity of the mature peptide across three species, and (iii) the increased divergence between species in the mature peptide together with the reduced differentiation between populations of An. gambiae in the same region. These patterns of variation were exhibited by all species and populations despite marked differences in their exposure to human pathogens due to their different preference to feed on human hosts (Hadis et al., 1997; Lemasson et al., 1997; Dekker and Takken, 1998; Mouchet et al., 2004) . High larval mortality (>95%) was measured under natural conditions and attributed to infections with nematodes and fungi (Jenkins, 1964; Service, 1973) . These larval pathogens may be widespread throughout the species' range, explaining the identity of the mature defensin across the species and populations. However, it is likely that defensin is an effector molecule of broad target spectrum, so that it remains effective despite changes in pathogen composition affecting different populations.
Importantly, variation in susceptibility to pathogens (including human pathogens) among individual mosquitoes of the An. gambiae complex (Niare et al., 2002; Lambrechts et al., 2005) is not related to peptide variation in the mature defensin. The pattern of selection on defensin is inconsistent with positive and with balancing (diversifying) selection. Accordingly, the evolutionary dynamics between pathogens that mediated selection on defensin and mosquitoes in these populations are incompatible with the arms race dynamics. Consistent with purifying selection, the dynamics of the interactions may be governed by the cost of further increased anti-microbial effect on fitness as part of the functional constraints limiting variation of defensin, albeit not exclusively so. Fst was estimated according to Hudson et al. (1992) implemented in DnaSp 4.0 (Rozas and Rozas, 1999 ). * P < 0.01; ** P < 0.001. a Functional regions of the defensin gene are as defined in Table 1 and Fig. 1 .
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